To evaluate the effect of disease severity and optic disc size on the diagnostic accuracies of optic nerve head (ONH), retinal nerve fiber layer (RNFL), and macular parameters with RTVue (Optovue, Fremont, CA) spectral domain optical coherence tomography (SDOCT) in glaucoma. METHODS. 110 eyes of 62 normal subjects and 193 eyes of 136 glaucoma patients from the Diagnostic Innovations in Glaucoma Study underwent ONH, RNFL, and macular imaging with RTVue. Severity of glaucoma was based on visual field index (VFI) values from standard automated perimetry. Optic disc size was based on disc area measurement using the Heidelberg Retina Tomograph II (Heidelberg Engineering, Dossenheim, Germany). Influence of disease severity and disc size on the diagnostic accuracy of RTVue was evaluated by receiver operating characteristic (ROC) and logistic regression models. RESULTS. Areas under ROC curve (AUC) of all scanning areas increased (P Ͻ 0.05) as disease severity increased. For a VFI value of 99%, indicating early damage, AUCs for rim area, average RNFL thickness, and ganglion cell complex-root mean square were 0.693, 0.799, and 0.779, respectively. For a VFI of 70%, indicating severe damage, corresponding AUCs were 0.828, 0.985, and 0.992, respectively. Optic disc size did not influence the AUCs of any of the SDOCT scanning protocols of RTVue (P Ͼ 0.05). Sensitivity of the rim area increased and specificity decreased in large optic discs. CONCLUSIONS. Diagnostic accuracies of RTVue scanning protocols for glaucoma were significantly influenced by disease severity. Sensitivity of the rim area increased in large optic discs at the expense of specificity. (Invest Ophthalmol Vis Sci. 
M
any diagnostic tests are available to assist clinicians in detecting signs of structural damage in glaucoma. Understanding the influence of covariates, such as disease severity, on the performance of these tests is of fundamental importance to evaluate their applicability under different clinical scenarios. For example, ancillary tests are usually used to assist in detecting early disease in clinical practice. The performance of the test in this situation is likely to differ from that expected when the test is used for screening of cases with more advanced disease.
Previous studies have shown that imaging devices generally perform better for detection of structural glaucomatous damage in eyes with more severe disease. [1] [2] [3] [4] [5] [6] [7] [8] Disease severity may also affect differently the performance of various parameters. For example, it is possible that a particular parameter may be more sensitive in early stages of the disease, whereas another may be more sensitive in moderate or advanced stages. Optic disc size is another variable that also seems to affect the diagnostic performance of imaging devices in glaucoma. However, the effect of optic disc size is dependent on the method of imaging used. [1] [2] [3] [4] [5] [6] [7] [8] Spectral domain optical coherence tomography (SDOCT), a new tool for glaucoma imaging, enables scanning the optic nerve head (ONH), retinal nerve fiber layer (RNFL), and macula with higher resolution and faster scan rate than previous versions of this technology. 9, 10 RTVue (Optovue, Fremont, CA) is an SDOCT device that has a scan rate of 26,000 A scans per second with an axial resolution of 5 m. Although a few studies have evaluated the diagnostic accuracy of SDOCT for glaucoma detection, 11, 12 to our knowledge, the effect of disease severity and optic disc size on the diagnostic accuracy of the RTVue has not yet been reported.
The aim of this study was to evaluate the effect of disease severity and optic disc size on the diagnostic accuracies of different examination protocols of RTVue SDOCT in glaucoma.
METHODS
This was an observational, cross-sectional study enrolling participants included in a prospective, longitudinal study (Diagnostic Innovations in Glaucoma Study [DIGS] ), designed to evaluate optic nerve structure and visual function in glaucoma conducted at the Hamilton Glaucoma Center, University of California, San Diego. Participants in DIGS include normal subjects, patients with glaucoma, and subjects with suspected glaucoma, who are longitudinally evaluated clinically and with several functional and imaging tests. Informed consent was obtained from each participant, and the University of California San Diego Human Subjects Committee approved all methodology. All methods adhered to the tenets of the Declaration of Helsinki for research involving human subjects.
All the participants underwent a comprehensive ophthalmic examination including review of medical history, visual acuity testing, slitlamp biomicroscopy, intraocular pressure (IOP) measurement using Goldmann applanation tonometry, gonioscopy, dilated fundoscopic examination using a 78 D lens, stereoscopic optic disc photography, and automated perimetry (24-2 Swedish Interactive Threshold Algorithm; Carl Zeiss Meditec, Dublin, CA).
Inclusion criteria were a best corrected visual acuity of 20/40 or better, spherical refraction within Ϯ 5.0 D, and cylinder correction within Ϯ 3.0 D and open angles on gonioscopy. Eyes with coexisting retinal disease, uveitis, or nonglaucomatous optic neuropathy were excluded.
Eyes were classified as glaucomatous if they had repeatable (at least two consecutive) abnormal visual field test results, defined as a pattern SD (PSD) outside the 95% confidence limits and/or a glaucoma hemifield test (GHT) result outside normal limits, regardless of the appearance of the optic disc. Normal subjects were recruited from the general population through advertisement, as well as from the staff and employees of the University of California San Diego. Normal control eyes had normal findings on clinical examination, including IOP of 21 mm Hg or less with no history of increased IOP and a normal visual field result. A normal visual field was defined as a mean deviation (MD) and PSD within the 95% confidence limits, and a GHT result within normal limits. Visual fields were reviewed by the Visual Field Assessment CenTer (VisFACT) visual field reading center to identify the presence of artifacts such as lid and rim artifacts, fatigue effects, inattention, or inappropriate fixation. A reliable visual field had to have Ͻ33% of false negatives, false positives, and loss of fixation. Visual fields were also reviewed for the presence of abnormalities that could indicate diseases other than glaucoma, such as homonymous hemianopia. Inclusion was based on eyes, and when both eyes of participants satisfied the inclusion criteria, both were included. Appropriate statistical methods were used to adjust for the correlation of measurements from both eyes of the same individual (see below).
Instrumentation
SDOCT examination was performed with the RTVue (software version 4.0.5.39). RTVue uses a scanning laser diode with a wavelength of 840 Ϯ 10 nm to provide images of ocular microstructures. The protocols used for imaging with RTVue in this study were ONH (previously known as nerve head map) and GCC (ganglion cell complex). All patients had both protocols performed on the same day. The examination protocols and the parameters obtained with RTVue have been described previously. 13 The ONH protocol consists of 12 radial scans 3.4 mm in length (452 A scans each) and 6 concentric ring scans ranging from 2.5 to 4.0 mm in diameter (587 to 775 A scans each), all centered on the optic disc. All the images were reprocessed with three-dimensional/video baseline. ONH parameters measured by the software included optic disc area, optic cup area, neuroretinal rim area, nerve head volume, cup volume, rim volume, cup-disc area ratio, horizontal cup-disc ratio, and vertical cup-disc ratio. The ONH protocol also generates a polar RNFL thickness map, measured along a circle 3.45 mm in diameter centered on the optic disc. It gives the average RNFL thickness in the temporal, superior, nasal, and inferior quadrants as well as the overall average along the entire measurement circle.
The GCC protocol was used to obtain macular measurements. This protocol consists of one horizontal line scan 7 mm in length (467 A scans) followed by 15 vertical line scans 7 mm in length (each 400 A scans) and at a 0.5 mm interval centered 1 mm temporal to the fovea. The parameters generated by the GCC analysis are the average inner retinal thickness, superior inner retinal thickness, inferior inner retinal thickness, average superior minus inferior inner retinal thickness, and superior minus inferior inner retinal thickness SD. In addition to these, the GCC protocol also provides three other parameters called GLV (global loss volume), FLV (focal loss volume), and RMS (root mean square). GLV measures the average amount of GCC loss over the entire GCC map. It is calculated from the fractional deviation map, which is the map showing the percentage of GCC thickness decrease at each pixel location compared with the expected or normal value at each pixel determined by the instrument's built-in normative database. FLV measures the average amount of focal loss over the entire GCC map. FLV detects focal loss using a pattern deviation map to correct for the overall absolute changes, much like the corrected pattern SD in the visual fields. For calculation of FLV, a pattern map, which is a normalized map calculated by dividing the GCC thickness values at each location by the average GCC thickness value from the entire map (for an individual), is estimated. The difference between this pattern map for an individual and the average pattern map of the normative database gives the pattern deviation map. RMS or the pattern coefficient of variation provides a summary of how well the fractional and pattern deviation maps of an individual fit the normal pattern. The worse the fit, the higher the value.
For the present study, we reported the influence of disease severity and optic disc size on the diagnostic accuracies of neuroretinal rim area, average RNFL thickness, and macula parameter RMS. These parameters were chosen because they represent global measures of structural damage and had the best overall diagnostic performance in a recent study comparing the different parameters of the instrument. 13 Only good quality images, as defined by a signal strength index of Ն30, were used for analysis. Only images acquired within one year of visual field testing were included for the analysis.
The severity of visual field damage was assessed using the visual field index (VFI). Details of the calculation of the VFI have been described elsewhere.
14 In brief, the VFI represents the percentage of normal age-corrected visual function, and it is intended for use in calculating rates of progression and staging glaucomatous functional damage. Evaluation of rates of functional loss in glaucoma eyes with the VFI has been suggested to be less susceptible than the mean deviation to the effects of cataract or diffuse media opacities. 14 The VFI can range from 100% (normal visual field) to 0% (perimetrically blind field).
Optic disc areas of all the participants were obtained using the Heidelberg Retina Tomograph II (HRT; Heidelberg Engineering, Dossenheim, Germany). 15 The method of disc area measurement with the HRT has been described previously. 16 Three scans centered on the optic disc were automatically obtained for each study eye, and a mean topography was created. Magnification errors were corrected by using patients' corneal curvature measurements. The optic disc margin was outlined on the mean topography image by trained technicians while viewing simultaneous stereoscopic photographs of the optic disc. All images included in the analysis were reviewed for adequate centration, focus, and illumination; all mean topography images had a SD of Ͻ50 m. The scans were obtained with HRT software version 1.5.9.0 or earlier but were analyzed with the software version 3.0.
Statistical Analysis
Descriptive statistics included mean and SD for normally distributed variables and median, first quartile, and third quartile values for nonnormally distributed variables (determined using the Shapiro-Wilk normality test). The receiver operating characteristic (ROC) regression modeling technique was used to evaluate and compare the influence of disease severity and optic disc size on the diagnostic accuracies of the ONH, RNFL, and macular parameters with RTVue in glaucoma. This modeling approach was described by Medeiros et al. 17 for evaluation of the influence of covariates on the performance of diagnostic tests in glaucoma. This methodology allows the evaluation of the influence of covariates on the diagnostic performance of the test, so that ROC curves for specific values of the covariate of interest can be obtained. Also, it allows adjustment for the possible confounding effects of other covariates.
Details of the modeling procedure have been described previously. 18 -22 In brief, the ROC X, XD (q) is the probability that a diseased individual with disease-specific covariates X D (that is, covariates specific to diseased subjects, such as disease severity) and common covariates X (covariates common to both diseased and healthy subjects, such as optic disc size) has test results Y D that are greater than or equal to the qth quantile of the distribution of test results from nondiseased individuals. That is, when the specificity of the test is 1 Ϫ q, the sensitivity is ROC X, XD (q). The general ROC regression model can be written as
where the coefficients ␣ 1 and ␣ 2 are the intercept and slope of the ROC curve, respectively, and ⌽ is the normal cumulative distribution function (cdf) and ⌽
Ϫ1
(q) is the inverse normal cdf of the false positive rate. If the coefficient for a specific variable X (say, ␤) is greater than zero, then the discrimination between diseased and nondiseased subjects increases with increasing values of this covariate. Similarly, if the coefficient for the disease-specific covariate X D (say, ␤ D ) is greater than zero, then diseased subjects with larger values of this covariate are more distinct from nondiseased subjects than are diseased subjects with smaller values of X D . In the present study, the following ROC regression model was fitted to assess the influence of the disease severity and optic disc size on the diagnostic performance of the ONH, RNFL, and macular parameters of the RTVue:
where severity is a continuous variable as determined by the VFI, and disc size is a continuous variable as determined by the HRT disc area. An interaction term between disc size and severity was included to assess whether the effect of disease severity was similar or different across different disc sizes. The effects of age, race, and optic disc area on the RTVue parameters are still unknown but have been reported with other imaging instruments. [1] [2] [3] [4] [5] [6] [7] [8] [23] [24] [25] [26] Therefore, to avoid any potential bias due to group selection, all ROC analyses were adjusted for differences between glaucoma and control eyes for these variables. The model adjusts for the differences in variables between normal and glaucoma groups by fitting a linear regression of the marker distribution on the adjustment variables among controls. Standardized residuals based on this fitted linear model are used in place of the marker values for cases and controls.
Parameters were estimated using probit regression. To obtain confidence intervals (CIs) for regression parameters and areas under ROC curve (AUCs), a bootstrap resampling procedure was used (n ϭ 1000 resamples). 27 Because measurements from both eyes of the same subject are likely to be correlated, the standard statistical methods for parameter estimation lead to underestimation of standard errors. 28 Therefore, the cluster of data for the study subject was considered as the unit of resampling when calculating standard errors. 21, 27 To evaluate the goodness of fit of the model, glaucomatous eyes were categorized into 3 groups (tertiles) based on VFI, and empiric AUCs of ONH, RNFL, and macular parameters in each of the three groups were compared with the AUCs derived from the model.
The effect of covariates was also evaluated on the sensitivities and specificities of ONH, RNFL and macular measurements using logistic marginal regression models. 6, 29 Statistical analyses were performed using commercial software (Stata ver. 10.0; StataCorp, College Station, TX).
RESULTS
The study included 110 eyes of 62 normal subjects and 193 eyes of 136 glaucoma patients. Age, race distribution, and visual field parameters of the two groups of participants are shown in Table 1 . Patients in the glaucoma group were significantly older than the subjects in the normal group. In addition, there were more African descent participants in the glaucoma group. Optic disc area was greater in the glaucoma group compared with the normal subject group. The distribution of the disease severity based on VFI in the glaucomatous eyes is shown in Figure 1 . The distribution of optic disc size in the entire cohort is shown in Figure 2 . Table 2 shows the estimates of the coefficients of the ROC regression model for the ONH rim area. The results indicated that the diagnostic performance of rim area increased as the VFI decreased (i.e., disease severity in- Table 3 shows the estimates of the coefficients of the ROC regression model for the average RNFL thickness parameter. The results indicated that the diagnostic performance of average RNFL thickness increased as the VFI decreased as evidenced by the statistically significant negative coefficient associated with disease severity (Ϫ0.07; P ϭ 0.01). The nonsignificant coefficient associated with disc size indicated that disc size did not influence the diagnostic accuracy of this parameter (0. Similarly Table 4 shows the estimates of the coefficients of the ROC regression model for the macular parameter GCC RMS. The results of the model showed a significant influence of disease severity on the diagnostic accuracy of GCC RMS as indicated by the coefficient associated with severity (Ϫ0. The ROC models fitted the data well. AUCs derived from the models were found to be within Ϯ 0.02 of the empiric AUCs in the 3 groups categorized based on VFI tertiles. Figures 6 and 7 show the sensitivities at fixed specificities of 80% and 95% for the ONH rim area, average RNFL thickness, and GCC RMS throughout the range of disease severity calculated based on the regression model. GCC RMS had sensitivities similar to average RNFL thickness in detecting glaucoma across different severities of the disease, which were superior to those of the ONH rim area.
The logistic marginal regression models evaluating the effect of covariates on sensitivities and specificities showed that disease severity influenced the sensitivities of all the above Disc area (mm square) FIGURE 2. Distribution of optic disc size, as assessed by HRT disc area, in the entire cohort. parameters to diagnose glaucoma (P Ͻ 0.05 for all analysis). Sensitivity of ONH rim area increased (␤ϭ0.92, P ϭ 0.01) and specificity of ONH rim area decreased (␤ ϭ Ϫ1.65, P ϭ 0.03) as the optic disc size increased (Fig. 8) . Disc size did not influence the sensitivity (␤ ϭ Ϫ0.42, P ϭ 0.28) and specificity (␤ ϭ Ϫ0.04, P ϭ 0.95) of average RNFL thickness. Disc size also did not influence the sensitivity (␤ ϭ Ϫ0.48, P ϭ 0.17) and specificity (␤ϭ1.23, P ϭ 0.17) of GCC RMS.
DISCUSSION
In this study, we demonstrated that the diagnostic accuracies of the different scanning areas of the RTVue were significantly influenced at variable degrees by disease severity. As expected, we found that the accuracy of the RTVue was significantly better for detection of glaucomatous eyes with more severe disease. For the ONH rim area, average RNFL thickness, and GCC RMS, the AUCs were 0.693, 0.799, and 0.779, respectively, for detecting eyes with early visual field loss as indicated by a VFI of 99%. However, the AUCs improved to 0.828, 0.98,5 and 0.992, respectively, for detection of disease in patients with more severe visual field loss, as indicated by a VFI of 70%. These results are in agreement with previous studies evaluating the influence of disease severity on the accuracy of other imaging technologies for structural evaluation in glaucoma. 8, 30 Some of the previous studies have graded disease severity using categorical scales such as the one proposed by HodappAnderson-Parrish. 31 However, categorization of what is actually a continuous measure, such as disease severity, potentially reduces the power to detect associations. Other studies have also used global indexes such as MD and AGIS scores. 32 Although these indices provide valid methods for continuously classifying severity, they are likely to be more affected by the presence of media opacities compared with the VFI used in our study. When we ran the ROC regression models using disease severity based on MD, we found similar results compared with VFI, which is likely explained by the fact that we excluded individuals with severe media opacities. The coefficients associated with severity (based on MD) were Ϫ0.04 (P ϭ 0.05), Ϫ0.19 (P Ͻ 0.001), and Ϫ0.18 (P Ͻ 0.001) for rim area, average RNFL thickness, and GCC RMS, respectively. The AUCs calculated at arbitrary MD values of Ϫ1, Ϫ6, and Ϫ10 dB were 0.710, 0.764, and 0.803 for rim area, 0.802, 0.942, and 0.984 for average RNFL thickness, and 0.805, 0.935, and 0.980 for GCC RMS, respectively. It is important to note that although disease severity significantly influenced the diagnostic accuracy of the structural parameters, the amount of variance in the structural measurements explained by visual field severity was not large. The coefficient of determination (R 2 ) for the relationship between VFI and ONH rim area was 11%, for VFI and average RNFL thickness was 24%, and for VFI and RMS was 26%. These results are in agreement with previous studies on structure-function relationship and suggest that other factors are also responsible for the variability in structural measurements obtained by the RTVue and differences in diagnostic accuracy.
When the diagnostic accuracies of ONH, RNFL and macular parameters were compared at different levels of disease severities, we found that the macular and RNFL parameters performed better than the ONH rim area. This agrees with the results by Medeiros et al., 33 who found that RNFL thickness assessment with scanning laser polarimetry performed significantly better than optic disc topographic evaluation with confocal scanning laser ophthalmoscopy to detect early signs of disease in glaucoma suspects. This could reflect a superior performance of RNFL analysis in detecting structural damage in glaucoma. Alternatively, it could reflect a weaker performance of the RTVue software for topographic assessment of the ONH compared with its macular and RNFL thickness evaluation algorithms. Whatever the reasons might be, it indicates that the macular and RNFL evaluation by the RTVue is likely to provide more information to assist clinicians in detecting glaucomatous damage than the ONH topographic analysis of this instrument.
We also found that macular measurements were as good as RNFL measurements to detect glaucoma except perhaps in very early stages of the disease. This represents a significant improvement in performance of macular thickness analysis with SDOCT compared with an earlier version of this technology, the Stratus OCT. 34, 35 Such improvement could be related to the acquisition of a larger number of data points in the macular region with SDOCT compared to time-domain OCT, resulting in a decreased requirement for data interpolation and more accurate structural representation of the macular zone. Alternatively, it could be related to the improvement in software analysis of macular thickness data, which now concentrates on the inner retinal layers instead of all the retinal layers at the macula. Such improvement has been made possible by the higher resolution of SDOCT compared with time-domain OCT, enabling better identification of the different retinal layers.
We were not able to find a significant influence of disc size on the AUCs of any of the scanning areas of RTVue. We based the disc size on the HRT disc area. Though RTVue also provides a measure of disc area, the validity of these measurements has not been reported. Moreover, using the disc area from the same instrument, the other parameters of which are being evaluated, might introduce bias. The logistic marginal regression models showed that the sensitivity of RTVue ONH rim area increased and specificity decreased in large discs. Previous studies evaluating the effect of optic disc size on the diagnostic performance of HRT topographic measurements have found similar results. [1] [2] [3] [4] [5] [6] [7] However, the analysis of the ROC model for the RTVue ONH parameter rim area makes it clear that the improvement in sensitivity occurred at the expense of decreased specificity and, therefore, did not result in change to the area under the ROC curve; that is, there was no improvement in the overall diagnostic accuracy of this parameter for larger discs. Another limitation of most of the previous studies is the lack of adjustment for the severity of disease when comparing the effect of disc size on the diagnostic accuracy of imaging tests. It is possible that subgroups of patients divided on the basis of optic disc size would present different stages of disease severity, introducing a confounding factor into the comparison. ROC and logistic marginal regression models are advantageous because they allow simultaneous evaluation of the effect of multiple covariates, such as disease severity and optic disc size.
Our study has limitations. All our glaucoma patients had evidence of visual field loss. However, in clinical practice, a diagnostic test is used to diagnose disease in those suspected of having disease, and not in patients with confirmed abnormalities. Diagnostic studies with such a case-control design have been shown to substantially overestimate the performance of the test. 36, 37 Therefore, caution should be exercised when interpreting estimates provided in our study. Longitudinal studies should evaluate the ability of RTVue in detecting glaucomatous damage in eyes suspected of having the disease. Another limitation of our study was the different sample characteristics of the two groups studied with respect to age, race, and optic disc size. Although we used statistical methods to adjust for these differences, it is possible that the statistical methodology may not have fully accounted for the differences between the two groups.
In conclusion, we found that the diagnostic accuracies of the RTVue scanning protocols for glaucoma were significantly influenced by disease severity. Though optic disc size did not influence the AUCs of any of the scanning protocols of RTVue, sensitivity of the ONH rim area to diagnose glaucoma increased in large optic discs, albeit at the expense of specificity. These covariates should be considered while comparing and evaluating the results of SDOCT for glaucoma detection. We also observed that macular measurements were as sensitive as the RNFL measurements to detect glaucoma. Disc area in mm squared Sensitivity Specificity FIGURE 8. Sensitivities and specificities of ONH rim area from logistic regression model according to optic disc size after fixing the disease severity at the median severity (VFI 95%) of the glaucoma group.
